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ABS TRACT 


Over the years the Maple Creek "V" irrigation project area 
became highly saline as a result of natural seepage from the surround- 
ing sandhills and through improper irrigation practices. To reclaim 
the area conventional methods were introduced. Proper drainage was 
installed, border dikes and basins constructed, and natural reclamation 
was allowed to take its time. 

This study was initiated to compare the reclamation achieved 
by the border dike and by the basin type of irrigation. The rates and 
uniformities of reclamation by the two methods were determined and 
compared, In the laboratory permeability and swelling tests were con- 
ducted. Soils and leachates were analyzed. From these tests it was 
hoped to develop an artificial chemical method of reclamation, which 
would speed up the rehabilitation of the project, and as a result 
render the reclamation more economically feasible, Finally, cost and 
benefit analyses of the reclamation methods were made, 

From the permeability and swelling tests, the "threshold" 
and "jump-off" concentrations, respectively, were found, which de- 
lineated the "area of stable permeability". Through the economic 
study the leachants and their respective application periods were 
selected, which would render the highest net profit, 

The economic study proved that the most economical leachants 
for reclamation had concentrations lower than depicted by the "area of 
stable permeability". This was in contrast with the hypothesis; that 


the “area of stable permeability" might cover the concentrations of 
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the most economical leachants. Simultaneously, it proved that the 
concentrations for these leachants were amply supplied by the well 
water, Consequently, the rate of the artificial reclamation was 
similar to that of natural reclamation. 

Nevertheless, the $130/hectare profit indicated that 
immediate artificial reclamation should be considered as an integral 


part of any rehabilitation program for salinized irrigated areas. 
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INTRODUCTION 


During the 1930's southwestern Saskatchewan suffered acutely 
from drought and the economic depression of that decade. In order to 
assist farmers by providing a reliable source of feed for stock the 
P,F.R.A. assisted with the establishment of many small irrigation 
schemes in the area. One of the P.F.R.A. projects was called the 
Maple Creek my" irrigation project. 

| Figure 1 shows the "V'' projects located eprorinn rely 64 
kilometers north of the Cypress Hills and 32 kilometers east of the 
Alberta-Saskatchewan border. The area of the "V" projects totals 650 
irrigable hectares, 340 of which are privately owned, the Crown having 
title to the remaining. The Upper "V" (Figure 2) containing 250 
irrigable hectares is located in sections 4 and 9, township 14, range 
26, west of the third meridian. The Lower "V" (Figure 3) with 400 
irrigable hectares is located in sections 23, 24, 25, and 26 of township 
14, range 25, west of the third meridian, 

At the present time the Upper and Lower "Vy" projects are both 
strongly affected by salts. This resulted from a continuous process of 
ponding and evaporation of seepage water carrying small concentrations 
of salt from the higher surrounding areas. Improper irrigation prac- 
tices, as well as seepage from canals, Lee Lake, and the neighbouring 
sand hills, and the presence of an artesian aquifer beneath the projects 
resulted in accelerated salinization of both areas (Milne and Rapp, 


1966). 
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Figure 1, Map showing location of principal Maple Creek irrigation 
projects in southwestern Saskatchewan, 
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Figure 2, Map showing details of the Upper "'V"' irrigation project, 
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Map showing details of the Lower "V" ir 
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By 1948 the "V" projects were already so unproductive as a 
consequence of salinization that extensive reclamation efforts were 
commenced, The costly work involved was deemed justifiable because 
knowledge gained should be applicable in other parts of the region. 

As part of the scheme to reclaim the two salinized projects, deep well 
pumps, which extended into the aquifer, were installed, They were in- 
tended to lower the watertable as well as to provide supplemental irriga- 
tion water, The water obtained by pumping was highly saline (1,500 ppm), 
which proved to be beneficial to the reclamation of saline-sodic soils 
by the high-salt-water-diluticn method, Reeve and Doering (1966b) con- 
tended that a highly concentrated leaching solution could serve as a 
Rioceutant and as a source of divalent cations during the early stages 
of reclamation, The high content of electrolytes would cause a floccu- 
lation of the soil colloids and consequently improve the permeability 

of the soil. On the ae hand the divalent cations would replace the 
sodium ions on the soil complex and so maintain the favorable perme- 
ability during the final stages of the reclamation when the salt 
concentrations of the leachants would drop again, 

Good results were obtained in the Upper "'V" project as a 
result of the high-salt-water-dilution method of reclamation, Milne 
and Rapp (1966) reported that over a 2-year period substantial reduc- 
tions in electrical conductivity (EC) (from 17 to 13 mmhos/cm) and 
of sodium adsorption ratio (SAR) (from 39 to 23) had been obtained. 
However, it was not known whether or not maximum efficiency had been 


attained in the existing reclamation schemes on the "V" projects. 


i , 
etes #370725 molirere lage avlensixo 308 pusangsems io ‘et 


aecoudd af dayitau maeh euw boviowdk Mya vfaees ot boone: 


salies o3 Yo ore setto vl odin: ahieqe Aa &alveda we cabana 
| . 
Fitn ~ ,sAoehoo niiah. ows ANd filial i o3 anise eal: te ang ae a 


“ay « ait Aallistent oxy asttiiob ety odat bsimatne titi ogy " 
pas 3?i Ji: ngs4 ; 3 | & EDs “ae f rn Jat ats ue ot hela oy 


ye ee Eee didi yd durdnado pedme ae Jee ee " 
fs, Pat . ie ait tied. ee errs oii : i | 
‘bs Kedyt~ Jbodoia tis bakit’ lcvetiue~tg tt. aft eg t 
3S dr Maat wos el f set otones 
dink wre fives 6‘ ”2" ii i op bye SnaTeandil 
ee Bi ieaw 2a 4 SHIPS 26 jae gale wilt aottgaatanl to & 
viel eran ' — etikation ts ana - acliel a 
' . deb twua de ey ad ‘aie nel “Se : 
-eirtom al dprovet adi ae n rn bie “yin hina sal Qo gon? vation SS 
if ve 13 medi n 1 03 20 anmed i223 oft gadweb rts ; 
Jibe gosh. Stour earer ath. Ap aciveeatiiel 
m Se Sooper. “i rat $43 ni bonledde® iyi ane a5 1 gage toed i © 
| 
Sei .ctinred yar tc. purliecr nolautibe sates “ineefgas sid ae —_ 


‘ae 
nari Aetgnnsedux bosasy 1e3y-S 5 -raV0 ataile sai (a0eay | 
ern 3) ied aie phy: . 


- This was because the so-called "area of stable permeability" (Quirk 
and Schofield, 1955), which indicates the concentrations and SAR's 
giving a maximum permeability, was unknown for this soil, In addition 
no proper attention had been given to the economic aspects of reclam- 
ation, Therefore, simulated reclamation schemes, all starting from 
different levels of salinity and done with various solutions, were 

set up along with swelling tests in order to determine the so-called 

"area of stable permeability", Subsequently, the most economical 

scheme of reclamation and its endpoint were selected by means of a 

cost and benefit analysis, 

Specifically the objectives of this study were: 

(1) To evaluate the rate and uniformity of reclamation achieved since 
inauguration of the work in 1951, 

(2) To determine the so-called "jump-off" and "threshold" concen- 
trations of the saline leaching solutions for this particular 
Soule neOcderstLomOULline thes -areasotescable permeability, 

(3) To evaluate and compare various amendments for effectiveness and 
cost, 

(4) To estimate crop returns and reclamation costs for different levels 
OteSalinizallon»oLetiis particular soil, and 

(5) To compare the rate and extent of existing reclamation schemes on 
the "'V"' projects to those of the simulated laboratory reclamation 


schemes, 
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LITERATURE REVIEW 


The reclamation of saline irrigated soils is a complicated 
matter, much influenced by many factors. Therefore this literature 
review is subdivided into several sub-sections so as to more conven- 
iently discuss some of the relevant aspects of such work, Because 
this report is concerned with the high-salt-water-dilution method of 
reclamation, hydraulic conductivity, and economic considerations, the 
review will be primarily concerned with factors relevant to these 


aspects, 


Clagsut ication FOmisoalt-AbrectedssoLlLs 


Reclamation methods for salt-affected soils must be ones 
SsurcedmLoechne Chatacteristics of the Soils concerned, According to 
the United States Salinity Laboratory Staff (1954), salt-affected 
soils can be placed in a utilitarian classification scheme consisting 
of three categories, 

(1) Saline soils -- whose saturation extracts have EC (Electric Con- 
ductivity) values of 4 mmhos/cm or greater, ESP (Exchangeable 
Sodium Percentage) values of less than 15, and whose pH is usually 
less than 8,5. 

(2) Saline-sodic soils -- whose saturation extracts have EC values of 
4, mmhos/cm or greater and ESP values greater than 15, the pH being 
less than 8.5, 


(3) Non-saline-sodic soils -- which have saturation extract EC values 
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less than 4 mmhos/cm, ESP values greater than 15, and a pH above 
SIRS) 
There are some other systems of classifying saline soils. 

In the taxonomic classification of Canadian soils, saline soils are 
designated by the adjective "saline" while sodic soils, with strongly 
developed solonetzic B horizons and Ca/Na ratios of less than 10, are 
classified under the Solonetzic order. However, most soils in the 
small irrigation projects of southwestern Saskatchewan are classified 
as saline ners The 7th Approximation identifies saline soils 
with the adjective "hal-"' or by the great group name Salorthids, while 


1 


sodic soils are given the syllable "natr-"" in their great group names. 


The High-Salt-Water Dilution Method of Soil Reclamation 


One very successful method for amelioration of saline-sodic 
soils is leaching, employing what has been called the “high-salt-water 
dilution" method, The leaching process is commenced employing a solution 
so saline that a high rate of permeability is attained, After rapid 
permeability has been established, the leaching solution is simultane- 
ously diluted in concentration and enriched with Ca-salts, Dilution 
of the leachant permits the removal of excess salt in the soil solution, 
At the same time dilution increases the activity of the Ca ions already 
present in the leachant, while addition of Ca amendments increases the 
Ca ion activity to an even greater extent, The result is replacement 


of Na ions adsorbed on the exchange complex by Ca from the leaching 
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solution, Removal of the Na in the leachate then leads to improved 


aggregate stability and soil permeability, 


1, The effect of high-salt-water upon permeability 


Success of the high-salt-water method for reclaiming saline- 
sodic soils depends on the ability of salt in the leaching solution to 
influence hydraulic conductivity, Electrolytes affect the swelling 
and flocculation of clays and a6 have an indirect influence on perme- 
ability, When the electrolyte content of a leaching solution increases 
the swelling of clays decreases and as a result permeability increases, 
Because swelling increases the thickness of the oriented water films in 
the micro and macro pores, it also increases the amount of micropore 
Space at the expense of the macropores, the ones primarily responsible 


for permeability, McNeal (1968) and Lagerwerf et al, (1969) reported 


the relationship between swelling and hydraulic conductivity in equations, 
According to McNeal the hydraulic conductivity (K) is related to the 
swelling factor (X) as follows: 


Oe 


smn at Ck 
where C and n are constants, lLagerwerf et al. suggested that K is 
related to the so-called "effective porosity" (E -QE), which is the 
difference between the total pore volume (E) and the swelling value 
QE). A special section of this review will be devoted to literature 
on clay swelling. For the time being, it is shown that a decrease in 


salt content will indirectly result in a decrease of hydraulic con- 


ductivity, 
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Quirk and Schofield (1955) proposed in a quite arbitrary 
manner that a 15 per cent reduction in hydraulic conductivity as 
compared to the hydraulic conductivity of the soil after it was first 
equilibrated with the high-salt-solution, is the maximum reduction in 
permeability which is practically permissable during the reclamation of 
a salt affected soil. Rowell et al. (1969) termed the salt concentration 
in a leaching solution which limits the decrease in hydraulic con- 
ductivity to 15 per cent, the "threshold" concentration, However, 
even during the initial equilibration with the high-salt-water there 
is already a 20 to 30 per cent reduction in hydraulic conductivity 
because of the water-potential difference paren the dry soil and 
the advancing waterfront and also because of compaction and re- 
allocations ob soil particles, and the presence of air bubbles, all 
of which obstruct the conducting pores (Doering, 1965). In addition, 
when a soil is being leached, a temporary impediment may form in the 
lower parts of a soil due to accumulation of illuviated exchangeable 
sodium (Reeve and Doering, 1966), Thus, although not all permeability 
decreases can be prevented, excessive reductions in hydraulic con- 
ductivity in soils of high ESP values can be averted if there is a 


high electrolyte concentration in the leaching solution, 


2. Subsequent leachings with diluted-high-salt solutions 


After stable permeability has been established, as a result 
of high-salt-water leachings, the next step in the high-salt-water- 


dilution method is to decrease the EC and the ESP of the leaching 
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solution, Doering and Reeve (1965) proposed doing this by leaching 
thessotlswithedilutions of the hich-salt-water to which calcium salts 
had been added, 

In order to decrease the electrical conductivity of the soil 
being treated, the salts in the soil solution have to be leached out. 
The movement of moisture out of the soil will carry with it salts 
previously in the soil and the soil solution. The EC of the final 
equilibrated diluted soil solution and the total amount of water needed 
to obtain the final equilibrium with the diluted leachant can both be 
determined. Reeve and Doering (1966a) expressed the concentration of 


the equilibrated soil solution (EC a; 1) as ECss7 = EC,,/dn, where 


EC,, is the initial high-salt concentration and dn is the dilution 
factor, 
Peterson et al, (1966) determined the amount of water (Diw) 


required to decrease ECgg to a desired concentration ECqj} by the 


equation: 


Diw = (Dg, ECqi; * Dc ECpg - Dy, ECs.) / ECiw , where 


Ddw is the depth of drainage water (cm), 

Dec is the depth of water present at field capacity, 

Deg Ls the depth of soil solution initially present, 

ECy¢ is the electric conductivity of the soil solution at field capacity, 


and EC;,, is the electric conductivity of the leachant, 


In addition to reducing the EC, leaching with suitable water 


will decrease the ESP, Lowering of the ESP in the root zone of a soil 
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being reclaimed is the result of a cation exchange between the Ca in 
the solution and the Na on the exchange complex. The exchange occurs 
because of a greater activity of Ca compared to Na. This is dependent 
upon the increased effectiveness according to the "valence-dilution" 
principle of the Ca present already in the diluted leachant, and would 
be encouraged also by the increased Ca content from any added Ca amend- 
ments, The exchange, which takes place at the interface between the 
soil and soil solution, occurs in two stages, The first one is rapid 
and goes to completion within a short period, at ESP values of 5 to 10. 
The second stage occurs much more s lowly and never quite reaches 
equilibrium, During the first exchange the easily replaceable so- 
called “active Na" is displaced. Sambur (1963) defined these ions as 
the "external Na ions of the Na-humate layers" which in turn are 
adsorbed on to the surface of the clay particles, The so-called 
"inactive Na', located between the humate layer and the clay surface, 
is replaced in the second stage and at a slower rate. 

After equilibrium of the soil solution with the diluted 
leachant is obtained, it is also possible to determine the sodium 
adsorption ratio (SARqi1)- Reeve and Doering (1966a) expressed the 


SARg;, by the equation: 
SAR3;, = SAR, /\V dn , where 
SAR, is the initial SAR Swandedn issthe dilutionsiactor. The same 


authors also calculated the amount of water (D,.) needed to decrease 


the initial ESP of the soil (ESP,) by a fraction OESP, in a given 
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depth of soil D,, by the equation: 


D,/D, = (ds CEC QESP) / (dw 100 A(Ca + Mg) P) , where 


ds is the density of the soil, 

CEC is the cation exchange capacity, 

dw is the density of water, 

Q(Ca + Mg) is the amount of Ca + Mg exchanged, and 


ie is the exchange efficiency factor. 


The factor P depends upon the dilution factor dn and the 


divalent ion fraction indicator R ( (Ca + Mg) / Total Cation Concen- 


tration), With increasing dn and/or decreasing R, the exchange 


efficiency P increases, but the authors claimed that R should never 


fall below .3 or hydraulic conductivity will be restricted. 


Shah Muhammed et al, (1969) suggested that the efficiency of 


reclamation can be increased even more by starting subsequent lower 


dilutions long before equilibrium between the soil solution and the 


leachant is obtained, Thus, knowing the amounts of water and amend- 


ments used for different rates of decrease in EC and ESP, one is able 


to determine the total needs for reclamation in a manner requiring a 


minimum expenditure of money. 


Clay Swelling and Factors Abfecting Slt 


With the high-salt-water-dilution method of reclamation of 


saline-sodic soils the accurate location of the boundaries of the 
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so-called "area of stable permeability" is very important. A rough 
indication of these boundaries had been obtained from the "threshold 
concentrations"; however, they could be more clearly defined from the 
aedecicnel information from the "jump-off" concentrations, which can 
be obtained from swelling tests. Therefore swelling of clay is an 
exceedingly important factor and an understanding of this phenomena 


is necessary if reclamation is to be successful, 


1, Clay swelling 


Clay swelling is primarily a property of "clay domains”. 
Emerson (1959) defined a clay domain as a group of clay crystals 
oriented and remaining sufficiently close together to allow the 
group, when in an appropriate media, to be considered as a single unit, 
One or more clay domains, aided by organic matter, form the linkage 
between mineral particles in the formation of soil micro-aggregates, 


oe themtype Lilustcated by Figurer4, 


A - mineral particle 


S =" organic matter, 


II - clay unit consisting 
of one domain 


Ell - clay unit consisting 
of several domains 


Figure 4, Structure of a micro-ageregate. 
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The swelling of clay is defined as the change in volume 
resulting from the adsorption of water on to the crystal surfaces, 
both exterior and interior, During the process, a non-liquid layer 
of water is formed on the surfaces of the clay crystal, This water 
then somewhat resembles a crystalline structure and therefore is 
termed "quasi-crystalline", In Na-clay systems this quasi-crystalline 
structure on the inter and intra clay domain surfaces extends with a 
high degree of order for 75 to 100 A from the surface of the clay 
crystal. Beyond that region an attenuated structure may extend an 
additional 100 to 200 ne By contrast, water molecules in and around 
Ca saturated clay domain surfaces show orientation only up to 19 A 
(Aylmore and @uirim1959 ee elteCa-clayiswe | lineuwaseonlystoml9 A and 
Na-clay systems were practically unlimited in their swelling capacity, 
as they are, the swelling behavior of clays would be in accord with 
the diffuse double layer concept, According to this concept, the 
amount of swelling depends upon the sae surface area of the clay 
and the thickness of the diffuse double layer. However, this concept 
is incorrect for Ca clay systems, because even though the expansion at 
the internal Ca saturated domain surfaces amounts only to 19 A, the 
swelling at the external Ca clay Parent surfaces goes far beyond 19 A 
Emerson (1962) contended that Ca clay domains might swell externally, 
and Na clay domains internally and externally, up to 2,000 to 3,000 A, 
in order to form tactoids, In pure Ca saturated clay systems tactoids 
are built from clay domains which internally have expanded to 19 A and 


which externally are linked edge to edge as illustrated by Figure 5, 
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Figure 5 Tactoids in Ca saturated clay systems, 


In pure Na systems the tactoids are built from individual clay crystals 


linked edge to edge, as illustrated by Figure 6. 


ee 
eee re me 


aaa <= 


Z 
| 


a me A 
eee i Paes aay ) 
ee ee 
i me 
Za ae 
aa a ee Whos B - clay crystal 


dem 00084 0008A 


I I-—— 
| 


Figure 6, Tactoids in Na saturated clay systems, 
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In mixed Na and Ca clay soils it is suggested that individual Na satur- 
ated clay crystals form the linkages between slightly swollen saturated 
domains, 

Rowell (1969) contended that these inter- and intra-domain 
swellings, designated by such names as "crystalline", "osmotic", and 
others, externally proceed in four distinct stages in their process of 
macroscopic swelling. These are: (a) absence of macroscopic swelling, 
(b) "jump-off point, (c) lateral swelling that increases linearly, 
and (d) dispersion and deflocculation, These terms and their charac- 


beristLcs merit discussion. 


A, Absence of macroscopic swelling 


This first stage, characterized by relatively little macro- 
scopic swelling, corresponds to Norrish's (1954) so-called "crystalline" 
inter-crystal swelling. During this stage the inter-crystal spacing 


fe) fe) 
inererses, ccom 9.5 A \to aboutel9 A, 


Bee Jump-off! point 


Rowell reported that until stage B is reached the movement 
of clay particles away from each other is prevented by a net attractive 
force, the magnitude of which decreases with decreasing electrolyte 
concentration (Van Olphen, 1963). With a decrease of electrolyte 
concentration, the forces of attraction and repulsion between adjacent 
clay crystals reach a point of equilibrium, At this point a reverse of 
forces takes place (Rowell, 1963). Below the 19 to 22 R c-spacing of 


the lattice, the forces involved are mainly electrostatic and attractive 
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in character, They include Van Olphen's positive edge to negative face 
force, hydrogen bonding forces, the attraction between Al and Fe ions 
and the negatively charged clay surface, and Van der Waal's forces, At 
fancermcian Loe to- 22 R c-spacing the dominant forces become repulsive 
and consist of cation hydration forces, osmotic forces, and London- 
dispersion forces (caused by overlap of diffuse-double-layers). When 
expansion exceeds 19 to 22 & the repulsive forces become dominant, and 
as a consequence there is an exceedingly rapid expansion from about 19 
ome A (Norrish and Quirk, 1954). This phenomena has been termed 
"jump-off" by Rowell (1969), He termed the related salt concentration 
the "jump-off" concentration, He er that the 'jump-off" concen- 
tration can be determined by graphical analysis, which is illustrated 


in Figure 7, 
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Figure 7, Graphical determination of the "jump-off" concentration, 
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C, Linearly increased swelling 


In Rowell's third stage of macroscopic swelling, the swelling 
values increase linearly according to the negative logarithm of the 
concentration (Rowell, 1963), or to the inverse of the square root of 
the concentration (Norrish, 1954), 

Norrish subdivided the third stage of swelling into two 
distinct regions, The first region has an expansion of the water 
film from 30 A EOwLS0 A, and is characterized by what is called 
"osmotic" swelling. Expansion into the second region, from 130 A to 
1,300 A is characterized by "edge-to-face-linkages" between clay 
crystals, Emerson (1963) contended that there are expansions as 
large as 3,000 A in Na and Ca clays. 

Rowell's (1965) concept of the formation of these large pores 


is presented diagramatically in Figure 8, 
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Figure 8, Diagramatic presentation of the expansion of clay domains, 
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The first domain immersed in the solution may expand to 40 A c-spacings 
due to "crystalline” swelling. Water then enters the adjacent domain 
B which starts to expand, Because of the association between crystals 
of the adjacent domains A and B, expansion of crystals in one domain 
(B) tends to simultaneously expand the crystals of the associated 
adjacent domain (A). Sometimes this augmentation of the forces of 


expansion results in the disruption of the adjacent domain (A). 


D, Dispersion and deflocculation 


Rowell's fourth stage is the dispersion of clay domains and 
the deflocculation of clay crystals, of which they are composed, 
McNeal and Coleman (1966) reported that the subsequent relocation of 
quartz and clay particles causes the major hydraulic conductivity 


decrease in coarse textured soils, 


2. Factors affecting swelling 


Factors affecting swelling of clays need to be considered in 
relation to the foregoing hypotheses, The major factors affecting 
swelling are the concentration and composition of ions in the soil 
solution, the pH, and the per cent of swelling-type minerals in the 
clay fraction, The effects of these four factors are only noticeable 
after the "jump-off" point has been reached, 

Cations, at low concentrations, are mainly responsible for 


the initial "crystalline" and the secondary "osmotic" swelling, 
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But Norrish (1954) contended that at high concentrations the electro- 
lytes decrease the extent of swelling. They accomplish this by replacing 
the center water molecule of the tetrahedral building units of which the 
quasi-crystalline structure is constructed, These cations attract all 
four lone electron pairs of the four remaining water molecules and 
initiate ion hydration, By doing so, they disrupt the quasi-crystalline 
structure, As a result, with increases in the electrolyte concentration, 
the quasi-crystalline structure of the non-liquid layers disintegrates 

to an increasingly greater extent, consequently diminishing the thick- 


ness of the non-liquid layers in particular and swelling in general, 


McNeal and Coleman (1966) postulated that clays with both 
Na and Ca as exchangeable cations consist of discreet homoionic Na 
domains and discreet Ca domains, of which only the Na domains possess 
the explosive swelling property. The relative proportion of Ca and Na 


domains present in a mixed system is closely related to the ESP of the 


ey 


soil (Mungan and Jessen, 1963), The swelling of both monovalent and 
divalent clay systems is affected by a potential barrier (Aylmore and 
Quirk, 1960), For monovalent systems swelling after the barrier is 
passed is controlled by the osmotic property of the diffuse double 
layer. Divalent cations do not seem to be able to surpass the barrier 


because of the cation's very strong electrostatic attraction, 


Anions indirectly aid swelling because they form dense 
negative layers around positive bonding sites of the clay surface and 


around cations. Nakayama (1966) rated four anions according to their 
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ability to promote swelling: 


(NaPOs)g > NayC0 > NayS0, il NaCl 


The charge of aluminum and iron oxides is affected by pH in 
that they are positive at low pH and negative at high pH (Sumner, 1963). 
When positively charged, these oxides create additional bonding sites 
to which negative clay particle faces may adhere, Rowell (1965) 
contended that clay swelling decreased by one-half when pH decreased 
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Amendments for the Reclamation of Saline-Sodic Soils 


Amendments must be considered in a cost and return analysis 
of reclamation because amendments in general constitute a major portion 
of the cost cf reclamation, The type of amendment to be used will 
therefore depend upon economic considerations and upon the chemical 
properties of the soil and the amendment. 

During the initial leaching of the high-salt-water-dilution 
method, it might be practical to use inexpensive Na- and Ca-rich sea 
water or saline ground water. Reeve and Doering (1966) successfully 
used Salton sea water containing 600 meq salt per liter and with a SAR 
of 8, Milne and Rapp (1966) used saline ground water with a salt 
content of 50 meq salt per liter and a SAR of 35, They encountered no 
difficulties, For the subsequent diluted leachings during which 
exchange of Ca and Na takes place, Ca-rich amendments have to be added 


to the diluted leaching water in most cases, From the purely economic 
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point of view, CaSO, is the most practical Ca compound to use. How- - 
ever, Graveland (1960) reported that gypsum should not be used for 
western Canadian soils with ESP values over 25 because, due to its 
low solubility, CaSO, does not provide Ca in sufficiently large 


quantities to maintain permeability, 


Effect of Salinity on Plant Growth 


In highly saline soils the high osmotic pressure and the 
toxic amounts of ions are the major inhibiting factors to plant growth 
(Hayward-and Wadleigh,1949), Furthermore, high ESP's ( >40 per 
cent) decrease the availability of calcium, while on the other hand 
low ESP's << 5 per cent) tend to have a stimulating effect upon plant 
growth (Pearson and Bernstein, 1958), Along with the chemical in- 
hibiting factors are physical factors, such as water logging and 
crusting, which oppose plant growth too, 

In slightly saline soils the unbalanced ionic environment 
rather than the salt itself adversely affects plants (Heimann, 1959). 
Gone enLTG ein such soils fertilizers may be applied to improve the 


Davances 


Summary of Literature Review 


On the basis of the foregoing review, the steps in reclama- 


tion of a saline-sodic soil by the high-salt-water-dilution procedure 
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may be summarized as follows: 


(1) 
(2) 


(3) 


Establishment of good drainage. 

Determination of the "threshold" and "jump-off" concentrations 
of the soils concerned, 

Initial leaching with high-salt-water and subsequent leachings 
with appropriately chosen dilutions of the high-salt-water. 
The amount of dilution must lie well within the limits set in 


(2) above and must be based on cost-benefit analysis. 


cavelfua gn, tart ieme® 
; ta 
7 ‘ “a _ 7 7 
.speritash ong a seuntetica | 
esebsdetingess “e-quit" toi “bledosty” odd 96 rol thei t _ 


.bantiandan <fies ote Ba 


mnldensl seoppevd ie Iajem=sier diiw gobfisost leteiag ) 
rataw=? | wo igulis ogeotis yigtessqetqun (aae 
wit 4 iw Jie ist noltiwib, }< daiew ost 4 
: +s 
j i i j br 6 cm) 


a Be 
MATERIALS AND METHODS 


Surficial Geology and Soils 


The Maple Creek "V" projects are located in one of the most 
arid regions of the Canadian Prairies, Southwestern Saskatchewan 
forms a large plain that initially was overlain by unconsolidated 
glacial till. However, glacial meltwater and winds caused sorting of 
the materials; as a result the surface of the prairie plain is highly 
diversified, Ridges of glacial till alternate with sand dunes and 
glacdai@ilake clay=clats ee ThetsV 4. projects arelot the: laccercs types 
The surrounding sandhills converge from the southeast and west to 
form a "V" and this was the origin of the name, Maple Creek "V" projects, 

The projects are located at the confluence of the Bigstick 
Basin and a long flat extending from Bitter Lake eastward to Bigstick 
Lake, This long narrow flat overlies the basement of a preglacial 
channel that commences at Medicine Hat, 128 km to the southwest, 
According to Milne and Rapp (1966) the channel contains seams of coarse 
sand and gravel 18.5 meters in thickness. These form an excellent 
aquifer with a capacity of approximately 216 million cubic meters of 
water, This aquifer is Sheila by a lacustrine clay deposit which 
is 12 meters thick in the center of the project and thins out near the 
margins where it eventually is replaced by sand dunes, 

| The soils of the Maple Creek "'V"" projects are designated as 
saline Regosols in the Canadian soil classification system, They were 


developed on a fine textured lacustrine material. 
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Sources and Quality of Water 


The major supply of water for the "V" projects came from 
Junction Reservoir (see Fig. 1). This water was of excellent quality, 
as its rating C95; indicated (Table 1). However, the low and variable 
spring runoff was insufficient to fill the upstream reservoirs. Also, 
Seepage and evaporation losses from the reservoir and its drainage 
channels were very high. As a result a recurrent water deficiency 
from this source had to be expected. 

In view of the foregoing, extensive use was made of a second 
major supply of water, the aquifer underlying the irrigated area and 
extending south beneath Tennaille Lake, The aquifer held approximately 
216 million cubic meters of water (Milne and Rapp, 1966). However, 
the ape a of this water decreased with progression from the Upper 
ny’ “to the Lower "VV", as the respective ratings C35, and C,S5 indicated 


(labile 1); 


Laboratory Analyses — 


Laboratory analyses were performed on both field and laboratory 
prepared soil samples, A representative sample for each laboratory soil 
core was taken while field samples were taken from each foot of soil 
profiles selected at regular i tervan in the plot areas. The soil 
samples were oven dried at 60°C and ground to pass a 2 mm sieve, The 


processed samples were then subjected to a number of common determinations, 
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1, Physical analyses 


(a) Mechanical analyses. Mechanical analyses were done 
according to the pipette method described by Toogood and Peters 
C1953). 

(b) Disturbed hydraulic conductivity. Disturbed hydraulic 
conductivity values were determined according to the method described 
Dyetie U.o.sSalinity Laboratory otare (1954), ihe soit column (At) 
in the plastic permeameters was 8.5 cm deep, and above that a constant 
8 cm column of water was maintained. The hydraulic head difference 
(an) was assumed to be the length of the soil and water column to- 
gether (16.5 cm). Percolation rates were read twice, after intervals 
of one-half hour. 

(c) Saturation percentages. Saturation percentages were 
determined from the volume of water added, according to the method 


described py the U-rS “Salinity! Laboratory Start (1954)% 


2, Chemical analyses 


(a) pH. pH of the soil paste was determined with a Fisher 
Acumet Model 19, pH meter equipped with a glass electrode and a calomel 
electrode. The pH of the leachates was measured with a Beckman Zero- 
matic pH meter fitted with a glass and a calomel electrode, 

(b) Electrical conductivity, EC measurements of the soil 
saturation extracts were done with a Yellow Springs Imstr, Co. 


Conductivity Bridge, No. 31. Determinations on the leachates were 
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made with an Industrial Instr. Inc, Conductivity Batdces Now Re Geel OL 
Results were expressed as mmhos/cm, 

(c) Soluble salts. The soluble sodium and the soluble 
calcium plus magnesium in the saturation extracts and leachates were 
determined with a Technicon Auto Analyzer, Model I, employing the method 
described by Chang and Van Schaik (1966), The Technicon Auto Analyzer 
consists of a Beckman direct-reading flame photometer for the sodium 
content determination and a colorimeter to measure calcium plus mag- 
nesium, Before the colorimetric measurement the solution is treated 


with NajMg EDTA and calmagite indicator, 


The chloride content of the saturation extracts and leachates 
was determined on a Beckman Expanded scale pH meter, Model 76, fitted 
with a chloride ion silver chloride electrode and a calomel reference 
electrode, The solution was buffered with potassium hydrogen phthalate 
and was subsequently titrated with 0.25N AgNO3 until the potential read 
0.8 millivolt, 

The carbonate and bicarbonate contents were measured with a 
Beckman Expanded Scale pH meter, model 76, equipped with a glass 
indicator electrode and a calomel reference electrode. In order to 
determine the carbonate content the solution was titrated with 0,02N 


H2SO4 until a pH of 8.0 was reached, For bicarbonates the solution was 
titrated with 0,02N HjS0, to a pH of 4.4, 
The soluble sulphates were determined by the difference 


between the soluble cations expressed as milli-equivalents and the 


soluble anions of chloride, carbonates, and bicarbonates, 
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(d) Exchangeable cations and exchange Capacity. Exchange- 
able cation measurements were made on extracts obtained as described 
by the U.S, Salinity Laboratory Staff (1954), the reading being made 
employing a Beckman direct-reading flame photometer. 

The cation exchange capacity was determined by difference 
between the total sodium content and the soluble sodium content, The 
total sodium content of the soil was determined by extracting the 
sodium saturated soil with 1N NH,OAc and measuring the sodium content 
of the extract with a Beckman flame photometer, Model 4100. 

(e) Gypsum content and requirement, The gypsum content and 
requirement determinations are described by the U.S, Salinity Laboratory 
Staff (1954). In the gypsum content determination the gypsum was 
initially purified with acetone, 


(£) Sodium adsorption ratio. SAR, was determined as follows: 


Nat 
Wie + Mgtt 
eZ 


where Nat = meq/L of sodium, 
Catt = meq/L of calcium, 


Mett meq/L of magnesium, in the soil solution, 


(g) Exchangeable sodium percentage. ESP, was calculated as 


follows: 
Na_ x 100% where Nat = meq Na on the 


exchange complex and CEC is cation exchange capacity. 
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3. Mineralogical analyses 


(a) Segregation of the total clayercvaction.. 9 Glayeseparation 
was done according to the method described by Brydon (1957). The 


organic matter was oxidized with 30 per cent H505 and was removed 


along with the soluble salts by means of centrifuging and decantation, 
The samples were then dispersed by alkalizing with 0.1N NaOH, Sub- 
sequently the samples were placed in volumetric beakers from which 
the aan 8 cm containing the clay suspension was decanted after stand- 
PieeroLsOnNoure and Geminutes:. 

(b) X-ray analyses of clay minerals, The clay suspensions 
were mounted on glass slides which were glycolated in a saturated 
atmosphere of ethylene glycol. Duplicate slides were heat treated to 
550°C and stored in a desiccator, A Philips X-ray diffractometer with 
a high angle goniometer was used for identification of the clay minerals 
present, The X-ray generator was operated at 40 kw and 20 ma using 
CuK radiation with a nickel filter, Scanning speed was one degree 2 8 


per minute and chart speed one cm per minute, 


4, Assessment of past and present reclamation in the field 


Reclamation of the salt affected Maple Creek "V" projects 
was studied for three separate objectives, The first one was to com- 
pare the uniformity and rate of reclamation of borderdike and basin 
types of irrigation, The second objective was to compare reclamation 
under various groundwater conditions, and the third reason was to 


obtain rates of field reclamation which would be used later for 


Hola 1S>s yaIS ‘ hi '@ 4 é 


* oft ACALD. } 
fsea Veni a ' : 
r 1 
eh yh 
wet t 
¢ 
biel snd oF 


Ray ano: g0's23 att 


* 


ee om | 
y« Hi 


, .- 4 —— 
ity 64 Live ee 


Saunt 
eoiti 


sieaten; "VY" toot gignit bolauiin, aes od3, 16 Uoidpinn ) cal 
a 


‘4g. od 16 ngl hes reee fa 


bibgo ay. 203 Auf 


4$q wid) way bh 


mil O97 


apaylone Jee 
bes biped rrr wit er Siege 
‘on ot ettte alduloa ott isle Qanee 
| yqePy - eo 
Teepe 
ints ce S pee gad 


itivt we even & See 


it SIOw 
faut 
Jeno hee vy! bg onsa sie SPORE 

on She he 


inebemg 


i3% ofl 


seal ji dite neirathaa Jaz — 


be ~ 
3 rf is 


'cuq lo toe 


I1HLZ2Ath b 


asnil say be 


dy ceus jagri* Oi i i | preoibyoows 6 ally” appt : 


ne, cleo Seq, 


a 


- 
G 
-_£ 


= ao? o 


comparison with results obtained from simulated reclamation schemes 
in the laboratory, 

In order to compare reclamation between conditions as vari- 
able as stated above, Soe physical data were collected from 
three distinctly different areas. These three areas were: the Upper 
"v'', lot 9 (see Fig. 2), which had a borderdike type of irrigation 
and was inside the range of influence of drainage pump No. 2; the 
Upper "Vv", lot 16, which also had a borderdike type of irrigation, 
but which was outside the influence of any drainage pump; and the 
Lower '"'V'', basins (see Fig. 3), which had a basin type of irrigation, 

The area was sampled twice a year, once in the spring and 
once in the fall, Soil samples were taken with a Sterling drill from 
the first 15 cm, the second 15 cm, and from each subsequent 30 cm to 
a depth of 180 cm, On the borderstrips the sampling sites were located 
in the center of each strip at 76 and 226 meters from the supply ditch 
on lot 9, and at 76 and 260 meters from the supply ditch on lot 16, 

On the basins 3 sites per basin were randomly selected at approximately 


75 meters from the centrally located drain ditch, 


5. Hydraulic conductivity tests 


Hydraulic conductivity tests were conducted for the tentative 
determination of the "area of stable permeability" (Quirk and Schofield, 
1955). This "area" indicated the EC and SAR values of the leachants 
for which the HC of the soil would remain high and as such bring the 


Tate of reclamation to a near maximum, 
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A wide variety of solutions was needed varying both in 
terms of concentration of salts, i.e. meq/L, and also in terms of 
composition, i.e, SAR values, One hundred and twenty plexiglass 
cylinders, 21 cm in length and 6.3 or 7.8 cm in diameter were used 
as permeameters, Soil samples were carefully poured in the permea- 
meters and compacted by dropping the permeameter 10 times through a 
distance of 2.5 cm, Appropriate amounts of soil were used to give 
14,5 cm long soil columns. The columns were then leached with 800 
meq/L salt solutions (mixtures of NaCl and CaCl5) with SAR values of 
8, 18, 30, 46, and 70. This then would eliminate the effects of SAR 
and the obstruction by air bubbles and dispersed soil particles, 
Consequently, subsequent decreases in HC would be solely the result 
of reductions in EC of the leachant. A constant hydraulic head of 
2.6 cm was maintained, This treatment continued until equilibrium 
was reached with respect to HC, EC, and SAR after one month, Then 
each of the five SAR series was split into 6 groups of 4 soil columns 
each, The 6 groups were exposed to 6 different salt concentrations of 
tie camemsAR valtiesas in previous leaching: 5005 150, 505,30, 105) and 
3 meq/L, Again a score was kept on the HC, EC, and SAR to see when 
the soil solution reached equilibrium, which finally occurred after 
1,5 months, After this second equilibration, two out of each set of 
four cores were removed for laboratory analyses. The remaining two 
cores were now treated with leachants of lower concentrations: 300, 75, 
40, 20, 5, and 1 meq/L. Leaching continued again until equilibration 


was attained, after which the soils were sampled, analyzed, and used 
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for the greenhouse study, The procedure is illustrated in the follow- 


ing flow chart, 


No. cores 120 
SAR 8 18 30 46 70 
e hitib 
NO cores i: i 24 24 24 
meq/L 800 800 800 80 O 800 
i 
etc. 

equilibrium 
No. cores 4 4 4 4 4 4 
meq/L 50 15 50 30 1O 9] 
ae | 2 corles eed analyised | 
equi liorium 
No.cores th | 2 2) 2 2 
meq /L 75 40 20 5 | 

Note -- Throughout this thesis the 800 meq/L solution will be 


referred to as the high salt solution. Solutions of 
500, 830038 etthimeq/Liaspatseries Dorkeachy SAR usedy 
thus we shall speak of the SAR 8 series, the SAR 18 
series, etc. 


6. Swelling tests 


The swelling tests were designed to determine the "jump-off" 


concentrations which would hopefully confirm the tentative delineation 
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of the "area of stable permeability" found in the previous section, 

The swelling tests were carried out on the 2 u clay fraction of the 
soil, The clay fraction was extracted with a minimum of alteration 

in order to retain the organic matter, the iron and aluminum oxides, 

as well as the clay, The procedure was similar to that by Rowell 
(1969) except for some minor modifications, The method was as follows: 
(a) Preparation of a homo-ionic N NaCl clay suspension, 

(1) Total clay fraction was separated from 750 g of Soils 
according to methods used by the Alberta Soil Survey and Depart- 
ment of Soil Science staff, Beforehand, the soil had been exposed 
twice to eight pore volumes of 2N NaCl solution, 

(2) Next, NaCl was added to the clay suspension until its 
concentration reached IN, 

(b) Preparation of oriented clay aggregates, 

A 1.5 ml sample of clay suspension was pipetted on to each 
1.6 x 1.6 cm microscopic cover slide, previously covered with a 
thin film of Dow Corning Stopcock grease, to improve the adherence 
of the clay aggregates onto the slide. The clay aggregates were 
then dried for 48 hours over P90s5. 

(c) Determination of swelling values, 

(1) Pairs of slides were placed in solutions as prepared 
for the permeability tests, described earlier, with SAR values of 
Spel8; G0 7846, ande/0> concentrations ofe3 pmLO seo. Ulm U sm oUU, 
and 800 meq/L each, and at two different pH values of 7.5 and 4, 
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(2) After being submerged for 48 hours, the aggregates on 
the slides were carefully surface-dried with filter paper and 
weighed, 

(3) Subsequently the aggregates were dried for 48 hours 


over PoO5 and weighed again, 


The difference between the two weighings indicated the amount 
of water absorbed, From the amounts of clay used and the amounts of 
solution absorbed, the swelling values (grams of absorbed water per 
evameotsciay) tcould be calculated: 

The subsequent determination of the "jump-off" concentration 
occurred in a slightly modified manner from that of Rowell (1969). He 
defined the "jump-off"' concentration as the concentration related to 
the point of intersection between the horizontal line extending from 
the swelling value of the basic high salt solution (.8N) and the 
extension of the linear logarithmic curve of the swelling values at low 
concentrations, However, this definition disregarded the gradual 
increase of the swelling values between the 300 and 30 meq/L concen- 
feations. Therefore, the projection of Rowell's intersection point 
upon the swelling curve rather than the intersection point itself should 


be considered as the "jump-off" point. 


Greenhouse Study 


Greenhouse studies permitted the determination of relative 
yielding ability at the various salinity levels, For this study one 


quart plastic pots were used, Pots were prepared as follows: 100 g of 
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medium textured sand was placed at the bottom of each DOlsmam ss 
mixture by volume of vermiculite with 800 g of soil was subsequently 
placed on top of the sand. Two pots were prepared as checks with 
original soil, The other 30 pots were prepared with the leached 
soil that was treated during the permeability tests, 

In each pot 10 Galt barley seeds and 6 Vernal alfalfa seeds 
were placed, Pots were watered daily and fertilizer was supplied as 
three separate applications equivalent to a_total of 125)ks1of N.u75 kg 
of P905, and 65 kg of Ky0 per hectare, After germination the seed- 
lings were thinned to 5 barley plants and 4 alfalfa plants, When the 
barley was 2 months old, it was harvested, oven dried, weighed and 
analyzed for per cent N and per cent P: Ina similar way} after 4 


months the alfalfa was cut, oven dried, and weighed, 


To determine the revenues from extra crop yields resulting 
from the artificial reclamation, three steps had to be taken, First, the 
amounts of growth per pot had to be converted to more meaningful com- 
parable field yields, For this purpose the highest yield of barley 
dry matter per pot ‘f the laboratory was assumed to be equivalent to 
a 3,038 kg per hectare yield of grain in the field, Secondly, the 
various levels of desalinization of the soil, which resulted from 
natural reclamation during the years following the initial artificial 
reclamation, had to be estimated, Natural reclamation would result 
from the applications of irrigation water and the action of crop residues, 
To approximate the eerie levels during the natural reclamation, soil 
of the Maple Creek "V" projects was leached in the laboratory with 


solutions similar to well No. 2 water, The EC and SAR values of these 
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leachates were subsequently assumed to be equivalent to the EC and 
SAR of the soil solution of the soil in a field leached under similar 
optimum reclamation conditions, Thirdly, the crop yields related to 
these salinity levels had to be estimated and added for each salinity 
level, The difference between the total yields of the initial un- 
reclaimed and a partially reclaimed soil gave the extra crop yields. 


Multiplied by the price of barley, it gave the extra crop revenues, 


Costssof Reclamation 


The costs of artifical reclamation to the various desaliniza- 
tion levels were the combined charges for water, amendment, and labour, 
For determining the maximum profit as a result of artificial reclamation, 
the minimal cost of reclamation for each salinity level should be de- 
termined, For this, the various routes of desalinization were plotted 
from EC and SAR data of the leachates from the various HC tests, 

To further minimize the cost the cheapest source of water and 
amendment was selected, Creek water, which was the cheapest with respect 
to pumping, was used as much as possible for the less saline solutions, 
For the more saline solutions, the salts already present in the well 
No. 2 water, and the fact that pumping from the well was necessary to 
lower the aquifer, made it more economical to use well No, 2 water. To 
determine the most efficient amendment, a leaching test was set up in 
which three sets of cores with three different salts: CaClj+2H 0, Ca(NO3)9° 


4H50, and CaS0,+2H,0, each containing 10 T Ca / 30 cm ha, were leached 


with tap water, 
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RESULTS AND DISCUSSION 
Physical and Chemical Properties or the Sol 


In the Upper "'V", the soils were uniformly fine textured 
while the Lower "V" had coarser textured alluvial material inter- 
layered with the finer lacustrine material (Table 2), The subsoils 
of both projects consisted of variable intermingled strata of water 
deposited sands, silts, and heavy clays. The hydraulic conductivities 
of the soils of these projects were very low (<0.1 cm per hour) 
because of the large percentage of clay, which was mainly montmor- 
illonite. As a result the soils were poorly drained and very difficult 
to manage. 

Theschemicaledata (able 2) indicated that the surface soils 
of the ''V"' projects_are relatively high in soluble salts. EC values 
ranged from 2.4 to 21.2 mmhos/cm, SAR values from 9.6 to 42.2, and pH 
values from 7.9 to 8.7, and in all three cases they increased with 
depth. Gypsum contents varied from 0 at the surface to 50.3 T/30 cm 
hectare at greater depths in the profile. The salts were predominantly 
(60 per cent) sulphates of Na, Mg, and Ca. The remaining 40 per cent 
of the salts were primarily chlorides and bicarbonates. In places, 
where salts tended to accumulate on the soil surface, Na salts were 
dominant and Mg salts were next in importance. The soils in general 
lacked carbonates and were low in fertility. Saturation percentages 
and CEC values were high, as expected in soils with high percentages 
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Mineralogical data indicated that interstratified layers of 
montmorillonite and illite were dominant, Next in abundance was 
discreet montmorillonite with some minor illite and quartz, while only 
traces of kaolinite were present, An example of the diffractometer 
patterns of the oriented aggregates is shown in Figure 9, The 15,24 
R C-spacing in the air dry treatment and the 17.33 R spacing in the 
glycolated state, both indicate the randomly interstratified mont- 
morillonite and illite as outlined by Kodama and Brydon (1964). The 
composition of the clay fraction resembles to some extent that of 
the underlying Upper Cretaceous Bearpaw formation, which is high in 
montmorillonite and illite (Byrne and Forvolden, as quoted by Kodama 


and Brydon, 1964), 


Assessment of Past and Present Reclamation in the Field 


In order to determine and compare the uniformities and the 
rates of reclamation on the border dike and basin systems, chemical 
and physical data had been collected earlier from the test area (Milne 
and Rapp, 1966), In this study further sampling was done and more 
analytical data attained, Two assumptions were made regarding these 
data, First, the four parameters: EC, SAR, pH, and HC, were considered 
to indicate quite accurately the state of reclamation, The second 
assumption was that the data obtained from sampling during the fall 
would be reliable indicators of that state of reclamation, The reason 
for introducing the last assumption was the great variability between 


chemical data obtained from spring and fall sampling. Table 3 indicates 
a slight increase in the EC of lot 9, and a large increase in the EC's 


OL alot 16 and the basins during the summer of 1969, Van Schaik and 
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Figure 9. X-ray diffraction patterns of oriented specimens of the total 
clay fraction after various treatments, 
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Milne (1963) and Graveland (1960) contended that under a plant cover 
the salt content of the soil solution increased during the summer in 
proportion to the amount of water taken up by the plants. Furthermore 
these workers noted also increases in SAR and pH during the summer 
months, Similar results were obtained for lot 16 during the summer of 
19697" in*contrast, the SAR and pH sot lot 9 and the basins dropped 
(Tables 3 to 6), possibly because of larger applications of irrigation 
water on lot 9 and a high content of gypsum in the basins. However, to 
avoid the seasonal changes in the salt content and composition of the 
soil solution, only the data obtained from fall samplings were used 
for the determination of the rate and uniformity of reclamation. 

Data for lot 9 are presented in Figure 10 and Tables 3 and 
4, Figure 10 shows graphically the EC and SAR values in 1962, 1967, 
and 1969 of typical profiles in the upslope and downslope regions of 
the borderstrips. At 76 meters from the supply ditch, i.e., the up- 
slope region, EC, SAR, pH and HC were all substantially less (EC 
Gee i 22 oemmhios/cusoAR lS./ — 27,0, pH S.01 — $.31, sHG 7004-8036 
cm/hr) as compared to values at 228 meters from the supply ditch, i.e., 
the downslope region (EC 15.0 - 21.0 mmhos/cm, SAR 26.0 - 29.0, pH 
8.14 - 8.39, and HC .026 - .037 cm/hr). In addition the rates of 
desalinization taken with respect to the values of 1967 were greater 
at 76 meters (EC -6.9%/yr, SAR -3.7h/yr, HC10.0 Z/yr, ope -1.354/ yo)eas 
compared to those at 228 meters (EC -4.7 %/yr, SAR -0.5%/yr, HC +20.8 


%/ycr, pH -2.7 %/yr) (Tables 3 and 4). 
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What was the reason for the lower salinity and the greater 
rate of desalinization in the upslope region? The main cause was the 
use of larger quantities and better quality water in the upslope region, 
However, the decrease in SAR was also a result of the greater ease with 
which monovalent cations moved through the soil as compared to divalent 
cations (Muratova, 1958). The lower HC was mainly caused by the 
heavier texture but possibly also the lower EC could have induced 
deflocculation of the colloidal soil materials and consequently caused 
additional HC decreases, 

For lot 16, the chemical and physical data are presented in 
Figure 11 and Tables 3 and 5, The results tended to be the opposite 
Coschosesors lot 9.9 (in lotsl6. the EC, SAR, and HC were bicher at 7/6 
meters (EC 18.5 - 21.8 mmhos/cm, SAR 29.7 - 32.8, and HC .164 - .294 
em/hr) than at 260 meters from the supply ditch (EC 16.3 - 19.5 mmhos/cm, 
SARe2329 2 2975,u,and)HC (O11 = (023 cm/hr) white the pH was similar 
Lorevpotimcestons (pH GALA -9$.26)% Also,#in conteasth with lote9, the 
rate of desalinization at lot 16 was the least at 76 meters from the 
Ssupplyedmuch (HC =-4°5 7/ yc, SAR)-2.3°7) wo, HC 469.0 Z/yr, pH 1009 7/ yz) 
While the rate of change was the @reatest at 260 meters (EC -5.7 7/yn, 
GARB=4e/ yc eHG 14.407,/ yo epi thon yr). 

The major cause of the higher salinity on the upslope end 
was the discharge of seepage water from the unlined supply ditch which 
to some extent defeated the effect of the larger applications of 
irrigation water on this end. The higher HC in the upslope region was 


caused by a lighter texture there. 
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The data for the basins are presented in Figure 12 and Tables 
3 and 6, Similar to lot 16, the upstream basins maintained a higher 
salinity level (EC 15.5 - 16.0 mmhos/cm, SAR 20.1 - 22.5, pH 8.16 - 8.20) 
than the downstream basins (EC 10.3 - 12.0 mmhos/cm, SAR 15.5 - 17.3, 
pH 8.07-8.11) while the HC's of the more elevated ones were less (.037 
- .053 cm/hr) than those of the less elevated basins (.061 - .230 cm/hr). 
However, this difference between the salinities of the down and upstream 
basins diminished after 1967 due to a lareersintiixcmorgsal Cat hGeto.s 
%/yr) into the initially less saline downstream basins as compared to 
deveLy cmaituintlux of salts (EC™;l.5 74/yr) into thevinitially higher 
saline upstream basins, In contrast, the SAR seemed to be reduced in 
general; the SAR of the downstream basins declined 5 %/yr, while that 
of the upstream basins increased only very slightly (SAR +1.4 %/yr). 
Hydraulic conductivities decreased more on hogrees elevated basins 
(HC -73.5 %/yr) as compared to the more elevated ones (HC -30.2 %/yr), 
while the pH increased a limited 0.5 %/yr for both regions. Because 
the EC and HC parameters in the field are more important with respect 
to plant growth than the SAR (Krogman and Milne, 1963), it was assumed 
that all basins deteriorated somewhat, especially those on the down- 
stream end, 

The initially higher salinity levels of the upstream basins 
was likely the result of a greater discharge of seepage water from the 
sand hills during the years previous to 1967. The subsequent resalin- 
ization of the area must have been caused by improper application of 


irrigation water and the lack of a dense, deep rooted plant cover. 
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The greater salinity increase at the lower basins resulted from the 
useage of smaller quantities and poorer quality of water. The drop 

in HC on both areas was likely caused by the dispersion and relocation 
of soil particles with a subsequent obstruction of the pores rather 
than a deflocculation phenomena, 

From the above paragraphs, one could only conclude that the 
extent and rate of reclamation of each area was far from uniform, To 
compare the rates and uniformities of reclamation of the three areas, 
the average annual rate of desalinization and deviations from the means 
of the areas were determined and summarized. The rate of reclamation 
was expressed as a per cent change from the initial chemical and 
physical values of the soil and soil solution, The following summary, 
containing the average annual per cent of change, is based on Tables 3 


to.6: 


Average annual per cent change 


EC SAR pH HC 
Lot 9 -5.8 “Dail -2.0 +10.4 
Lot 16 =o -3,2 +1,2 +56.5 
Basins +4,9 -3,2 +0.5 -51.9 


This summary strongly indicated the salinization of the basins and also 
the very favorable desalinization of the border dike strips. The 
salinization and desalinization processes tended to follow closely 

high and low watertables, respectively (Figure 13). The above summary 
also indicated the deterioration of the HC in the basins in contrast 


to the improved HC of the border strips. Moreover the deviations from 
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the mean of each of the four parameters and the deviations from the mean 
of the per cent annual change of each parameter showed little uniformity 


in the basins. These deviations are indicated in the following summary 


Of JabJese3 ty 6: 


Deviations from the mean of the upslope and downslope areas 


EC SAR pH HC 
Salt Annual Annual Annual Annual 
content change change change HC change 


mmiios (cme tin (EG: 7.eriSARi lain: SAR 7, DH Binkol wae Gcm/hxriehindic 7 


iwojer MY) 4,2 qty eel ees v1. 0 . 06 ant hed | sibel +10.4 
Lot 16 ‘igs 70-6 Spgs) eter’) at Tomes 710 ge 4ei5) 
Basins 2.4 -3.4 2.4 -1.8 502 0.0 AOS =21t/ 


* Note, that the positive (+) sign indicates that the change is directed 
toward increasing the deviation, and that for a negative (-) sign 
the opposite is the case. 


Even though the changes of the four parameters on the basins were 
directed towards decreasing the imparity between the upslope and the 
downslope region, the general tendency of the basins to increase in 

EC and decrease in HC make it a less attractive reclamation method than 


the border dike system. 


Hydraulic Conductivity Tests 


After having determined the rate of reclamation in the field, 


a method was developed in the laboratory to speed up the reclamation. 
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To accelerate the reclamation earlier workers indicated that it was 
important to maintain a high permeability. Therefore the "area of 
stable permeability" had to be determined, The "area" in question is 
delineated by the "threshold" concentrations which are the concentra- 
tions related to a 20 per cent decrease in HC with respect to the HC 
of the high salt solution (800 meq/L) of the particular SAR series, 
Figure 14 represents the HC graphs of the basic high salt 
solutions for each of the five SAR series. Equilibrium was obtained 
after approximately one pore volume of the SAR 8, 18, and 30 leachants, 
and two pore volumes of the SAR 46 and 70 leachants had passed through 
the soil. The high SAR values had strangely enough initially the high- 
est HC, and maintained this position, even though the reduction in HC 
here was larger than for soils leached with solutions of lower SAR, 
The equilibrium HC values were .034 cm/hr for SAR 70, .029 cm/hr for 
SAR 46, .027 cm/hr for SAR 30, 0.022 cm/hr for SAR 18, and .019 cm/hr 
tor oAR 6, “A second test, Similar -in character "to the, previous one, 
provided identical results; again high HC values coincided with large 
SAR values of the leachants and low HC's coincided with small SAR values, 
The HC values shown in Figure 14, which were opposite to 
what normally could be expected, were thought to be the result of 
increasingly larger amounts of illuviated sodium in the lower portion 
of the soil profile in the case of treatments with solutions of low 
SAR. Figure 15 showed that the leachates initially had greater SAR 
values if their corresponding leachants were of a low SAR. To check 
if corresponding SAR increases did occur in the soil solution of the 


lower portion of the soil profile, a similar soil was leached with a 
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SAR 8 and 800 meq/L solution. After the first, second, and third pore 
volume of leachant passed chonen the soil, the leachates and then 

the upper and lower halves of the soil profile were analyzed. Again 
the SAR values of the leachates were high initially. However, the 
SAR's of the soil solutions of both portions decreased from their 
initial value of SAR 42,2, although that of the lower portion reduced 
initially less rapidly (Figure 16). This apparent inconsistency be- 
tween the SAR of the soil solution and of the leachate resulted 
possibly from the lack of an adequate number of SAR values of the soil 
solution during the leaching with the first pore volume (Figure 16). 
Nevertheless, a fair amount of evidence pointed to an initial increase 
of SAR in the lower portion of the soil. According to Reeve and Doering 
(1966) such initial unfavorable conditions, regardless of how short- 
lived they are, do bring about lasting irreversible detrimental effects 
to the soil's permeability. Furthermore, the increasing amount of 
precipitated gypsum in the conducting pores (Figure 17) following 
leachings with low SAR solutions contributed to the impedement of the 
permeability of the soil. 

The first HC reduction, during the treatment with the high 
salt solutions (800 meq/L) resulted partly from the deflocculation of 
Na saturated colloids. edition l decreases in HC were caused by the 
obstruction of pores with dispersed soil particles and air bubbles, 
According to Doering (1965) the latter reductions constitute about 20 
to 30 per cent of the total HC reduction obtained. 


Following these reductions, further decreases in HC 


resulted when solutions with lower ECG e@ were used as heachants, 
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Figure 16, SAR values of soil solutions from the upper and lower por- 
tions of a profile treated with 800 meq/L SAR 8 solution. 
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Figure 17. Amounts of gypsum in the upper and lower portions of a 
profile treated with 800 meq/L SAR 8 solution. 
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Figures 18 to 22 show the HC's of each SAR series at their reduced EC 
values, The 500 and 300 meq/L leachants failed to decrease the HC 
from that of the high salt solution. However, increasingly lower EC's 
in the leachants caused increasingly lower HC values in general, 
Simultaneously, the HC's decreased even more at high SAR's; quite in 
contrast to what happened during the leaching with the 800 meq/L 
solutions (Figure 14), 

From the HC reductions between the first and second equil- 
ibrium and the first and third equilibrium, the percentages of HC 
decreases were calculated. The HC reductions were placed over the 
equilibrium HC's of the high salt solution of the particular SAR series, 
and then multiplied by 100. Figure 23 presents the per cent HC de- 
creases, The HC reduced most rapidly between 300 and 30 meq/L. In 
this range of EC values the "threshold" concentrations were located, 
corresponding to a 20 per cent HC decrease, as explained earlier. A 
20 per cent HC reduction was chosen because it formed the mean between 
the 15 per cent HC decrease of Quirk and Schofield (1955) and the 25 
per cent HC decrease of Doneen (1961). Consequently the 'threshold" 
concentrations for our soil became 330, 123, 123, 69, and 53 meq/L for 
SAR's 70, 46, 30, 18, and 8, respectively (Figure 24). These concen- 
trations proved to be about 10 times larger than those obtained by 
Graveland (1960) for heavy Solonetzic soils in Alberta, 

The chemical status of our original soil placed the perme- 
ability of this soil inside the "area of stable permeability" (Figure 24). 


Therefore, when treated properly, this soil could maintain a high 
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permeability. As Figure 24 indicates, well No. 2 and creek water 
both contained insufficient amounts of salt to maintain the chemistry 
of the soil in the "stable area", Consequently, unless the boundaries 
of the "area of stable permeability" proved to be wrong, amendments 
would have to be added to both water supplies. The 'jump-of£" curve 


in Figure 24 is referred to in the following section. 


Swelling Tests 


With the "jump-off" concentrations, it was hoped to confirm 
and more accurately delineate the boundary of the "area of stable 
permeability". To establish these "jump-off£" concentrations, the 
swelling values of the soil at various EC and SAR values had to be 
determined, Swelling values were defined as the weight of absorbed 
water in grams, per gram of clay. 

Figures 25 and 26 present the swelling values for the various 
EC-SAR conbinations. It may be noted that the pH used was 7 and 4, 
respectively. The swelling values of our soil at pH 7 (Figure 25) 
proved to be 5 to 10 times larger than those obtained by Rowell (1969). 
A finer texture (SiCL) and a higher percentage of montmorillonite in 
our soil, as compared to the SCL soil of Rowell, which contained 80 per 
cent illite, accounted for the greater swelling in our soil. The 
reduced swelling in our soil upon treatment with pH 4 solutions 
(Figure 26) resulted probably from the increased positive charge at 
the edges of the crystal lattices (Rowell, 1965). However, for 


simplicity and the fact that the permeability tests were carried out 
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Figure 25. 
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with pH 7 solutions, only the swelling values produced by the pH 7 
solutions were considered for the determination of the '' jump-of£" 
concentrations, | 

Figure 25 indicates that the largest swelling values were 
obtained by the solutions with the highest SAR. However, all treated 
soils showed accelerations in the amount of swelling between the con- 
centrations of 300 meq/L and 30 meq/L of the leachants. Consequently, 
in the latter range the '"jump-off" points would have to be located, 
These points were the projections of the "jump-off" points, as is 
explained earlier (page 18). Figure 25 indicated the five '"jump-off" 
points and their respective "jump-off£" concentrations A - E. 

The resulting ''jump-off" curve was presented in Figure 24, 
It indicated that at low SAR, the "jump-off" and "threshold" concen- 
trations were close together; however, at high SAR values the two 
Concent cations varied considerably. Consequently the " jump-off£" 
concentrations, rather than confirming, cast doubt over the exact 
delateation of sthem'stable areall.s. Therefore, .to, bevsate,) thas threshold” 
concentrations were maintained as boundaries for the "area of stable 
permeability". 

Having established the "stable area", leachants could be 
selected which would maintain the optimum permeability of the soil. 
Very likely these leachants would return the highest net profits for 
the artificial reclamation process because the speedier reclamation 
would bring about savings in labour and solution, and furthermore, 
additional crop revenues. To prove or disprove the hypothesis that 


the most efficient leachant might be located in the "stable area" 
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and simultaneously determine its profit, the extra crop revenues and 
the costs of reclamation had to be determined for all levels of 


desalinization of the soil. 


Greenhouse Study 


From a consideration of the crops grown on unreclaimed and 
partially reclaimed soil, the extra crop revenues resulting from 
reclamation could be determined. Table 7 presents the germination 
and yield data of the two crops at various levels of desalinization 
of the soil. The germination of barley and alfalfa, especially alfalfa, 
was considerably delayed at EC values from 4.5 to 10 mmhos/cm while 
between 10 and 12 mmhos/cm, growth was inhibited altogether. On the 
other hand, SAR did not seem to affect the germination of either one. 
of the two crops. 

The yields of barley and alfalfa increased rapidly with 
reductions in EC (Table 7). Table 7 depicts a tendency for the yields 
of alfalfa to rise with increases in SAR and Figure 27 shows a similar 
trend for yields of barley at Gonseane EC levels. For a particular EC 
value, the largest barley crop was obtained at its highest SAR. Never- 
theless, maximum barley yields occurred at simultaneously low EC and 
SAR values. Possible reasons for the beneficial influence of the SAR 
could be the stimulating effect of sodium at low concentrations 
(Pearson and Bernstein, 1958). 

To determine the revenues from additional yields over and 


above those of the checks as a result of the artificial reclamation, 


hin so.umayvicd Yet S27N 


2c als i ay ‘7 
tin ) 
--~* 2 i 
bn i } jahi@non a sec9 
i j 3 ( ti | Pow hoot) @! 049 wil niztreq 
, 4ob wt ufos metmageiées 


. aT) nin . ow? ef Go 2360 bieke Bm 
( ng u lo unryonreiiser .e rj 136% aflj to 
mond rjtny. da da sovelen qidisaub) anos 2aw 

i" acct ent ere tilt ef seiven S)' ham OF nvewied - 

\satts 6) cuae dee Sk0 Se pee Se Pee 

.eyovo Ay oft Fo 


Aji 4 Reson hhetlie ton ealobad- Te MNioly +aty Pa 


7 
ws 
ie: fy, 303 zig 2isigey \ shin? Ch \eiqgaety oes ch IoubOT. 7 | 
Td “© stv) hep RAS nl exéahaoal doibiaels va ante Sa | 


O8 “hiis n= » ~od velove! OM wabiesed Ge ysieae 20’ ekeaky ry 
gave FAR Seoghtl ssi te beniedde taypqer ysfand saog rel wid 4 
aa Da wet peteseeiies 36 bUxpMUH lt ee 


: Misia 
ie seit 


74 - 


OO£ ‘9E == = > = = StL 88°C £ HS oe Ci rh CAN) 6 
OO£ *9€ = = = a = 718 47° € v7 a= he Cie G CY T yoeUD 
OLc= 000 ‘Z- OO€ “67 aes = = = = a=) ag ae ccc om 6°Sz DeaGe OOE 
06 00z‘E 00S ‘6€ a= = = = i DLT OFn0) T == sas Ea ) rare cL 
06 OOT SE 00” ‘6€ 70'0 S a ‘i + Ove *Z LCa6 Ol oT z 0°OT (GAC Ov 
002 008 ‘9 OOT “ev ZomO a y 7 (4 O€L‘Z 78 OT Ol Ol @) 6°L 8°61 0z 
OLZ 007 “6 006 ‘S47 9° °0 9 9 9 £ 0S9‘Z 0S °OT OT Ot 6 O°L 7° 8T S 
002 008 ‘9 OOT ‘EY 8/°0 9 9 9 7; O14 ‘Z 6S °6 6 6 6 672 8°61 1 7-02 UVvS 
OvI- 002 “7- 00S ‘TE =< = = = = <e = he == aah 0°72 Y GC OO€ 
Of 000 ‘T OOE ‘LE == — = = = WHAM 99°0 == #2 =< 8°OT uP aE SL 
OLZ 007 ‘6 00S ‘Sv 90°0 9 T = = Ove ‘Z 1856 OL Ol 3 Ome 8°7T 0” 
0672 OOL “6 000‘°97 eK) 9 9 9 eg 00S ‘Z 98°6 Ol OT 9 ¢°9 8° cl 07 
OTE 00 ‘OT 002 ‘94 £70 9 9 9 9 008 ‘Z LORE OT oT 6 8's iS 76 S 
OTE OO€ ‘OT 009 ‘9% 1A) g) 9 g) 9 018 ‘°Z eee RL OL oT Ol L£°S Sa! 1-97 UVS 
ovis 009 ‘Y- OOL ‘TE == = = = = =< =5 = == == GESG 8 ‘Ez OOE 
0c 00S 008 ‘9€ r= = - = = 69€ Liat A == == Salt 7°81 GL 
092 006 ‘8 007 ‘S oF z T T = 028 ‘T Sz 6 6 € 9°9 i! 7 
062 006 ‘6 002 ‘9% 91°0 S S S S Ove *Z 67°6 OT OL Ol TG 3} 02 
OzE 008 ‘OT OOT “L4 €1°0 g) 9 9 Wy) 097 ‘2 76°8 Ot OL L GY Gite S 
OcE 006 ‘OT 007 “LY 60°0 © 7 Wi Wy 056 ‘Z Oat Ot OT 6 Gy BAS TL -0€ Avs 
097Z- 008 ‘8- 006 *£Z == = = = = c= RE. == <7 c= C1 9C sil OOE 
0072- 008 ‘9- 00S ‘62 3= = = = = 16E€ 8c °T 4 == ae ‘Su! JEANS CL 
OSZ 006 ‘8 008 “77 == € T = = 070‘Z S0°8 Ol 6 @ é 9) t°6 Ov 
OE 00% ‘OT 002 “9% STO g 8) S a O17 *Z 1S 6 OT 6 9 0's CEL 02 
OcE 008 ‘OT OOT ‘47 SO) 4) 7 q 27 O0€ ‘7 GileG Ot OL Ol 7. 6°S S 
Ooze OOL ‘OT 000‘L% EomO 2) 9 9 S O17 ‘Z 9S °6 OT Ol ot 60€ Go) 1 <8f YvS 
06- OO. €= 007 ‘€€ == = = = = ee ie == mia! =< a 957¢ 6°9 OO€ 
O€- 000‘T- O0E “SE =< = = = = ae ao == = ie ZO LS) cL 
062 008 “6 OOT ‘9% =< € 7 Wi te 06€ ‘Z 67 °6 Ol 6 G iss 0°s 0” 
OTE 00% ‘OT 002 ‘9% 60°0 9 9 9 9 070°€ SO°¢T OT Ol 6 9°47 Gow ieK4 
OZzE 006 ‘OT 007 ‘LY SeO g) 9 9 9 069 ‘7 19°OT OT OL Ol Cae Gae S 
OZE 006 ‘OT 007 ‘t4 STO 7 S 7 W 056 ‘Z 1g 10 Ol Ol OT VE ORE I -8 US 
ee ee, _________ = an EEE = LLL 
eu/s sieak sievak jod/3 O€ Chi ZI Ll ey /3y qod/3 Chi ZI Ll wo /soyw VS 
anuanay QI ul OT ut PIATA Butpees rzsqze sfkeq Pets platy PIOETA Butpeas rzaaqye sheg 94 
ey /3y ey /2y Ee aTqeaeduog SSE Ee 
kez 1¢q koyieg spoes 9g worly uoTJeUTWIID spees OQ] wory uoTtjeuTWwiAsD 
P19xg —_— SSS 


PJTEITV Aaj szeg 


Ne ———————— EE ———————___—_____ TTT 


Aayieqg Jo sanueaer yatm ‘AazTseq pue eyTeFTe JO spyTayTA pue vuoTZeuTWIID “p oTqer 


Ov 


= 
nt 
® he 
_ ——— 
= S aed COB MS pc 
—, <n Sl =) e —. 
, aes ‘a see A ois 
i | ¢ 
i a 


——— 


75 - 


*S8TI0S93eD ANOJF oORUT spTeTtk Fo s8utdnoz3 YITM (ey /3y) 
STOAXT ARTUTTeS snotszea 3e sqo0efoad uAy 422919 eTdey uo spzteté AvTaeq poazepnoted 


(wo/soyww) uolinjog j10g yo 93 


¢ b S 9 Ji 8 6 Ol I er) 
OS62,.\ \ \ 
0592” Ibe Ovos : , \ 
~ poe Oe: 
Q0¢2 \ \ , 
o9z2) olpz \ \ : 
O56 | N Orcenl 5 > \ 
a re XS g \ v 
\ 028! 
Ss Xs \ 
OO8en 00Sz \ \ | 
o6sz, \ \ 16¢ 
\ over 
x \ 
\ » 
~ SS \ 
OS9 oes) 6ge 
SS elisea 
\ ens 
oe \ 
sy Ss \ROtee | we 
\ iN vl « : 


\ \ \ 


“2% eansT gq 


el 


[1109S $0 YS 


UOI}NJOS 


Sone 


the yields per pot were converted to comparable field yields and the 
various salinity levels along with their estimated yields determined. 
For fthis aaaeee: the top growth in the laboratory of 12.05 g/pot was 
assumed to be equivalent to 3,040 kg/ha (57 bu/ac). The field yields 
for the other salinity levels were found by multiplying their g/pot 

by 3,040/12.05 kg/ha (Table 7). These field yields were plotted in 
Figure 27 and divided into four groupings: group A, <500 kg/ha; 

group B, 500 - 2,000 kg/ha; group C, 2,000 - 2,500 kg/ha; and group D, 
p> 2, 500 eke/ha. To approximate the various salinity levels during the 
natural reclamation, it was assumed that the rate and manner of desal- 
inization in the field would be quite similar to those in a laboratory 
experiment, if the field conditions were optimum for reclamation, and 
Dotmuwverenleached with similar solutions (No, 2 well water). Figure 238 
indicates the EC and SAR curves for the laboratory experiment. Each 
curve is the average of the results obtained using two solutions (#3 
and #4) which were comparable to well water No. 2 (2.3 mmhos/cm and 
SAR) peel cia bly theres is as rapid desalinization which tapers off 
near the end, Optimum reclamation conditions existed on the upslope 
end of lot 9, Upper "V", which was leached with well No. 2 water. It 
produced rates of reclamation of .87 mmhos/cm/yr at EC 9 mmhos/cm, and 
1.07 SAR/yr at SAR 23.5, which corresponded in both cases to .18 pore 
volume of leachant passing through the soil, Consequently, annual rates 
of reclamation at various levels of desalinization were assumed to be 
the amount of change in EC and SAR during the passage of .18 pore 


volume of leachant. On each curve this estimated annual decrease in 


EC and SAR has been marked, 
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Crop yields related to the salinity levels for natural 
reclamation in the field over a period of years were estimated from 
Figures 27 and 28 and Table 7 as shown in the following example: 
eer'crisalinityalevel SAR 14s8iand ECa7e0 mmhos/cm, the yield was 

determined from Figure 27 and estimated to be ae BO0eKS/ha® 

2. The following year the salinity level had decreased as a result 
of the natural reclamation and consequently the yield did increase. 
The salinity level had become that of the previous year minus one 
interval (Figure 28), and as such became SAR 14 and EC 6.3 mmhos/ 
cm, The corresponding field yield read from Figure 27 was 2,400 
kg/ha. Salinity levels and yields for subsequent yields were 
estimated in a similar manner. 

3, The determination of salinity levels and their yields was continued 
until the most saline soil (SAR 45.1, EC 25.5 mmhos/cm) obtained 
annual yields of well over 2,500 kg/ha, and this was estimated to 
occur after 16 years in this particular case. 

For each salinity level the yields during these 16 years were added. 

The difference between the total yields of the unreclaimed (check soil 

ipelables/)) and partially reclaimed soils (any sof the sreatedssolls in 

Tables/) indicated the extra crop yields) resuliingstromearta ticial 

reclamation, Multiplying the extra crop yield by $2.95/100 kg, which 

was the market price of $3.10/100 kg for barley minus the storage and 
trucking charges of $0.15/ 100 ke, the extra revenues for each salinity 
level was found (Table 7). To determine the net profit, the cost of 


artificial reclamation was subtracted from these extra revenues, This 


is discussed below. 
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The costs of artificial reclamation to the various desalin- 
ization levels included the combined charges for water, amendments, 
and labour. To determine the lowest total cost of reclamation to 
each salinity level, three important steps were required, @ birst sail 
possible routes of desalinization to each salinity level had to be 
determined, based on the analyses of the leachates. Secondly, the 
cost of labour, water, and the most efficient amendment had to be 
found. Thirdly, the total cost for water, amendment, and labour had 
to be determined for each route, in order that the least expensive 


route to each salinity level could be selected. 


1. Leachate analysis 


To determine the possible routes along which a soil could be 
desalinized to a specific salinity level, the leachates of each of the 
treated soils in the HC tests were analyzed for EC and SAR. Leaching 
with the highly saline 800 meq/L solution with the various SAR's 
resulted in near-perfect equilibration of the EC and SAR of the 
leachates with the leachants (Figures 29 and 15). The EC of the 
leachate, however, ran 10 mmhos/cm lower than the anticipated EC value 
of the leachant which had been calculated from a formula meq/L = 
10 x EC. Possibly the factor of 10 was incorrect and should have been 
replaced by 11.4, even though for chlorides a factor lower than 10 is 


normally assumed, 
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During the second and third leachings with the less saline 
leachants and especially with the 3 - 1 meq/L leachant (Figure 30), 
the soil solutions were unable to equilibrate with the leachants, 
The 500 meq/L leachant formed an exception, after three pore volumes 
the EC of the leachate had pretty well levelled out at 50 mmhos/cm 
(Figure 31). Using the equation meq/L = 10 x EC, the 50 mmhos/cm 
in the leachate amounted to 500 meq/L, a figure quite similar to that 
of the leachant, The 3 - 1 meq/L solutions produced a very rapid 
initial drop in the EC of the leachates, but no equilibriun, during 
the second leaching and only a tardy levelling off of the EC during the 
third leaching (Figure 30). In general, the EC values of the leachates 
remained above those of the leachants with the highest SAR solutions 
producing the highest EC values in the leachates. For all concentra- 
tions of leachants the highest SAR leachants produced the highest EC 
values in the leachates. These higher EC values in the leachates as 
a result of leaching with a high SAR solution could be caused by the 
decreased eluviation of salts and the increased solubility of the 
abundant amount of CaSO4 in the soil. A similar phenomenon must occur 
with a decrease in the salt content of the leachate. This would explain 
the higher than expected EC's in the leachates from 3 - 1 meq/L solu- 
tions, and the less than expected EC's from the 800 meq/L leachants. 
The SAR's of the leachates dropped in general far below the 
expected equilibrium values (Figures 32 and 33), The least saline 
(3 - 1 meq/L), high SAR (70) leachants, produced leachates of which 


the SAR kept dropping continuously (Figure 32), Again this must have 
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Figure 30. 
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Pore Volumes of Leachate 


EC values of the leachates from 3 - 1 meq/L leachants at 
various SAR values, 
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Figure 31. 
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Volumes of Leachate 


at various SAR values. 


EC values of the leachates from 500 - 300 meq/L leachants 
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been caused by the increased solubility ‘of CaSO, of the soil upon 
leaching with a low EC and/or high SAR solution, On the other hand 
the low SAR and high EC leachants obtained equilibrium for their SAR's 
fairly soon (Figure 33), 

These results show that the EC and SAR of the soil solution 
declined in as many different ways as there were different leachants, 
In some cases the routes followed crossed one another and formed an 
alternative route for the desalinization to a particular salinity level. 
On Figure 34 (see insert) most of the routes which could be used for 
the desalinization of the original soil are indicated. The choice of 
the route depends on purely economic factors to be considered in the 


following sections, 


2. Amendments 


Mice eotalecost foe aEtificitt reclamation consisted of the 
combined charges of water, amendment, and labour. Of these, water and 
labour were fixed costs and constituted only a small fraction, On the 
contrary, the amendments formed the major portion of the total cost 
and could vary considerably depending on the kind of salt chosen, To 
select a salt and minimize its cost, a leaching test was set up, 

Figure 35 presents the EC and SAR data of the leachate with 
respect to the centimeters of leachate passed through the soil. 
CaCl9-2H70 seemed to be the most effective, followed subsequently by 


Ca(NO3) ois 4H50 and CaSOy> 2H0. 
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However, with respect to the cost of reclamation, these 
efficiency ratings would prove to be quite different from above, 
Before the desalinization of the soil could be plotted with respect 
to the cost of reclamation, the charges for amendment, water, and 
labour had to be found. 

(a) Amendments, The amount of salt per ha cm of water was 
found by converting the amount of salt applied per core surface area 
toe that Si a hectare, and by dividing this figure by the number of cm 
of leachate during which the salt was effective. According to Figure 
35, CaCl9+2H 0 and Ca(NO3) 9+ 4H 0 Seemed to be eltective toc tie LIrst 
85 em of leachate while CaSO,°2H,0 had an effect up to 180 cm, These 
amounts of salt per ha cm of water were multiplied with the prices of 
salt as quoted by Van Waters and Rogers Limited, Edmonton, on 


September lyse 1970s) Ther cost) ofithesalt per ha cm of water was: 


CaClo-2H 90 30.14 T/ha x $99,60/T F.0.B, Medicine Hat / 85 cm 
leachant), = 535.32/ha cm, 


CaS0,-2H 20 33.15 T/ha x $45.60/T F.0,B, Medicine Hat / 180 cm 
leachant = $8,40/ha cm. 


Ca(NO3)9°4H 0 54,25 T/ha x $1,506,00/T F.0.B. Medicine Hat / 
85 cm leachant = $961.18/ha cm. 


(b) Water. The cost of water is that for pumping. Pumping 
from the aquifer cost $0,167 / ha cm (i.e., $2.00 / ac ft) and from the 
creek $0,125 / ha cm (i.e., $1.50 / ac ft). However, the need to pump 
the aquifer in order to lower the watertable and the savings in 
calcium salt, because of the salts already present in the aquifer 


water, necessitated the exclusive use of aquifer water in this case, 
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(c)meLapour. The cost of labour per ha cm of water applied 
is calculated from the cost of labour per hour ($2.00 / Hr) . athe 
number of hours of labour required per hectare of levelled® land for 2 
applications of water (3.0 hr/yr ha), and the centimeters of irrigation 
water applied per year (30 cm/yr). This came to $0.20 / ha cm for labour, 
From the amounts of water, amendment, and labour and the cost 
per unit of each, the desalinization curves on a per dollar basis were 
drawn up (Figure 36), Here CaSO, +2H,0 appears to be the most economical, 
with CaCLy-2H50 next, and Ca(NO3) 9-4H50 last. Therefore, the recommen- 
dation was to use gypsum as much as possible and use CaC1l5-2H50 only 
when the limited solubility of gypsum, which is 15 meq/L in the soil 


solution, would cause a precipitation of gypsum in the soil, 


DeCOS CSmand DentGerts of reclamation 


The cost of reclamation for each route on Figure 34 was the 
combined costs of its sections, or sections of alternative routes which 
proved to be less expensive. To calculate the cost per section the 
kind, amount, and unit charge of water, amendment, and labour had to 


be selected and determined, 


(a) Water. The cost of water was again that of pumping, 
wiich was) $0,167 / ha cm and $0,125 /%ha cm for well and) creekwpaters 
respectively. Rather than expressing the amount of leachate on a per 
Sitges basis, it was more appropriate to do this per pore volume, 
“pecause the rate of desalinization of a soil correlates more to the 


number of pore volumes than the number of centimeters solution leached 


ye ; ‘ts i int tan sonddf oy 
a eo at _ ips 
ary , tf. 4.0 he) a Tay svete + 3200 edie y2 » 


- 6 
s-3 higod Tay bari - 


Pol Tee Fo weet ag lene 
- 7 
1 ‘4 of) ' 7 é + } , 


‘i 1) Sergey 4ao snot TeShgga 7 


rT 1% ‘7 AG as “j u4 $3 ae IsIeW 
| a « 
‘ : 
4 » , 8 Ee Fs d mead / = 
Ha 
| _ 
7 jar) ah std times Yo Baw ag 0c 
ph PFD Stel 6G: stud ee gene it 
i jen! } , ary aa oe i oS +p SOnD aig 
- 
f MCOve soe) 3 en O13 nh 
ni (ulngs ba Limk! -olg tredy 
- : a _ 
} nu iP ‘029 3 e384 Binney OtIul ga! = 


| pee : 


(HS Sirah 


lo «oo ensed ons agesd sf 


be NO (Oe be | wate | ees ROIs DO Teod! aat 
tag J ISPS ‘9. an ai Jame a2. do &3 PGS entdmoo 
y ge C4 PAS elas az ot) Megs teal od ng Sovexq 
od Dj Weds) be: i 


poe 4 
S769 Jinn bag oven, Ma 
® “aa 
-borketsszah buy bsd2slor ad© 
ie a os 
. in 


a A DO Soo Torry oat 


bel icee Tas rw to 


*squowpuoUe 


SNOTAIVA UZIM JUSW}eeIR BUTANP UOTJeEWeTIeAI FO 3S09 9YW 0F Yoedser UTM suderas yYYS pue OF ‘og ean3tTy 
SIDI]OG UO!llOWD[x9dy JO Is09 SID|[OQ UOlPoUlD|,oMmeromisog 
0008 OOO9 OOO0Y 000d @) O008 SN ONOES) O00 O000¢ O 


wo 
Uaves 


EOOR- 


JO 


Le 
aus 


Dict staec(asO.N Je OD i> ns 


Oreo ac foe) 


O°HZ 7OS 09 


a}DydDa7 


! 
E 
S(Gor a a ae y" obey) 


ayoyone] ayy jo 93 


wo/soyw w 


O'O¢ 0'02 


—— 


SHOEFTAVY miiw 


3h 


/ 
al O.O 1 
_— a 
=~ ; 
_ 
19-4 
} : 
‘¢ 
= “ 
‘ Ps 
"| 
j 


a 
a | 
i“ 
' 
306 : noGcs. 
oe 


fog xi76 Less. to 


- 91 ~ 


through the soil, Assuming that a soil should be reclaimed at least 
to 60 cm and the porosity being 48 per cent, a pore volume became 
equivalent to 30 cm water. Consequently the costs for well and creek 
water weresso,01 and’ $3.75, respectively, per pore volume hectare 
(Table 8). 

Well water was only used when the required Ca and/or Na 
concentrations of the leachant were above those of the creek water. 
This allowed for the least saline solutions to use creek water and stay 
as close as possible to their planned concentrations, However, for the 
high solutions the savings on Ca and Na already present in the well 
water and the need for lowering the watertable necessitated the use 
of well No. 2 water, even though it increased the planned concentration 


by 1 - 2 mmhos/cm in some cases, 


(b) Amendment, The cost for amendments is the investment 
Of Cacand/or Na eales needed to bring the creek or well water up to 
the required ao HeaneaNtoNe of the leachants (Table 8). Additional 
calcium was required though, to replace the calcium that precipitated 
out as gypsum, after calcium salt was added to the creek or well water 
which already contained sulfate ions. The amount of Ca precipitated 
was equivalent to the sulfate originally present in the water minus the 
sulfate that remained dissolved once the solution was made up. The 
sulfate that remained dissolved in a soil solution is, according to 
Quirk and Schofield (1958), half that dissolved in a saturated solution 
which is determined from the yoann constant of gypsum (Table 8), 

Even though gypsum was the least expensive amendment, it 


could not be used here. The reason was that gypsum had already 
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precipitated from the highly saline Ca-rich leachants because of the 
sulfate present in the creek and well water, The less saline 


leachants received so much Ca from the 51 T CaSO, per 30 ha cm in the 


soil that it maintained the Ca content of the effluent 3 to 4 times 
above that of the leachant (Figure 32), thus causing any added gypsum 
to be ineffective, Consequently, CaCl9+2H»0 was used to supply the 
Ca amendment. For a Na salt, NaCl was used. The cost for increasing 
the Ca and Na content of the leachant proved to be $21.96 and $3.95, 
respectively, per pore volume hectare. This then resulted in the 


"cost of added Ca and Na" which was added on to that of water (Table 8), 


(c) Labour, Unlike the other two costs, that of labour 
could not be expressed on a per pore volume basis. The variety of 
percolation rates, resulting from the leaching with different leachants, 
required various lengths of time to complete the irrigation, Conse- 
quently, the cost of labour was expressed on a per day hectare basis, 
During each irrigation of approximately 250 hours, 100.4 hectares were 
irrigated, This was about 10 hectares per day. Assuming 1.5 hours 
labour per levelled hectare for resetting and a wage of $2.00 per hour, 
the cost for labour became $3.00 / haday. 

From the amounts of water, amendment, and labour, and from 
the unit charge of each, the total cost for each section of a route 
was determined (Figure 34). Table 9 presents the minimum total cost 
for each route which consists of the eonnined cos taof alle sectionssoL 
this particular route, or sections of an alternative route, if these 


proved to be less expensive, In general, the cost of reclamation 
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Table 9, Cost and benefit analysis of reclamation 


Cost of 
Revenue reclamation Net profit 
S/ha $/ha $/ha 
SAR 8 - 1 320 520 
5 320 540 
20 310 570 
40 290 400 
75 -30 -- 
300 -90 -- 
SAR 18 - 1 320 460 
5 320 430 
20 S10 400 
40 250 640 
te) -200 1,620 
300 -260 oo 
SOARES UR= a 320 330 
5 320 360 
20 290 330 
40 260 540 
Us) 20 960 
300 -140 ee 
SAR 46 - lL 310 180 130 
5 310 210 100 
20 290 290 0 
40 270 210 60 
75 30 690 
300 -140 ie 
SARw/ Onan 200 150 50 
5 270 170 100 
20 200 210 
40 90 240 
i>) 90 690 
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increases with SAR and EC indicating that amendments constituted the 
ma jOb, portion, of the’ cost, 

From the difference between the "extra crop revenues", and 
the minimum total costs, the profits resulting from the artificial 
reclamation were calculated (Table 9). The maximum profit of $130 / 
ha was attained using route SAR 46, 3 - 1 mmhos/cm most of the time, 
Only from SAR 33.6,EC 11.5 mmhos/cm to SAR 30.7, EC 8.8 mmhos/cm was a 
solution SAR 46 with 5 mmhos/cm used, Consequently, the economic 
study indicated route SAR 46, EC 3 - 1 mmhos/cm and end point SAR 26, 
EC 7.5 mmhos/cm as the desired route for an artificial reclamation 


process of the original saline-sodic soil. 
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SUMMARY AND CONCLUS LONS 


Chemical and physical analyses indicated a resalinization 
and deterioration of the basins while the border strips are rapidly 
freed from their salts, In general, the SAR dropped in both the 
basins and the border strips while the EC dropped 5.5 per cent per 
year on the border strips but rose 4.9 per cent per year in the basins. 
Simultaneously, the basins showed a deterioration in HC and the greatest 
lack of uniformity for the rate of resalinization which, however, was 
directed in such a way that it would increase the uniformity of salt 
content between the up and downstream regions of the basins, 

The determination of the “area of stable permeability" for 
GUlLEsoOlerevealed several important tacts. shirst sot ally upon leacning 
with the highly saline 800 meq/L solutions, a positive correlation 
between the SAR of the leachant and the HC of the soil appeared, 
leachants with low SAR's producing low HC's, The opposite was expected, 
An illuviation of Na into the bottom ae of the profile, causing 
there an irreversible reduction in HC, was proven with some success to 
Desthe causative factor. 

As a second point, the "threshold" concentrations, which 
established the boundaries of the "area of stable permeability", ranged 
between 300 and 200 meq/L and proved to be 10 times larger than those 
found by Graveland (1960) for Alberta Solonetzic soils. The "jump-off" 
concentrations cast doubt rather than confirm the exact delineation of 
the "area of stable permeability", At low SAR'S, the "jump-off£" and 


"threshold" concentrations were in close proximity to each other but 
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at high SAR values they deviated substantially. Nevertheless, the 
"area of stable permeability" was defined accurately enough to show 
that the chemistry of the original soil was inside, and that of the 
well and creek waters outside, the "stable areas", 

The subsequent economic study embraced greenhouse, leaching, 
and amendment studies, The greenhouse experiment showed a delayed 
and reduced germination for alfalfa and barley at high EC and SAR 
values, Yields of barley and alfalfa decreased with increased salinity 
but increased with high SAR's, Top yields of barley were obtained at 
SAR = 4,2 and EC = 4,64 mmhos/cm, while top yields of alfalfa were 
reached at SAR = 19.8 and EC = 7.85 mmhos/cm, 

The leaching study indicated that only the leachants with a 
low SAR and a high EC reached an equilibration point between leachant 
and leachate, In contrast, the leachants with low EC and high SAR 
values maintained leachates with EC's and SAR's above and below, 
respectively, the expected equilibrium values due to the continuous 
solvation of gypsum in the soil and the reduced eluviation of salts. 

The amendment study indicated that CaCl 9-2H90 was the most 
efficient amendment with respect to pore volumes of leachate while 
Ca(NO3)9°4H20 proved to be next and gypsum last. However, the low 
solubility of gypsum necessitated the exclusive use of CaCl5-2H,0. 

The economic study indicated the most efficient leachants, 
the end point, and the net profit of the most efficient method of 
artificial reclamation, The most efficient leachants had SAR 46 and 


the concentrations of 3 and 1 meq/L, except for the part between 
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SAR 33.6, EC 11.5 mmhos/cm and SAR 30.7, EC 8.8 mmhos/cm when the 
leachant with SAR 46 and EC 5 mmhos/cm was used, The end point of 
reclamation was SAR 4,4 and EC 7.6 mmhos/cm; its net profit was 

$130 / ha. The three leachants with SAR 46 and EC's of 5a ands | 
meq/L were located on Figure 24 outside the "area of stable perme- 
ability", and as such the hypothesis that the concentration and com- 
position of the most economical leachant was located inside the "stable 
area'' was disproven, 

In conclusion, the study indicated that the correct solution 
was used on lot 9, Upper 'V", to achieve a very economical reclamation, 
Nevertheless, the net profits could have been raised by another $130 / 
ha if the lot had initially been artificially reclaimed to SAR 4.4 and 
EC 7.6 mmhos/cm, Therefore the recommendation for future reclamation 
of the remaining saline areas on the Upper "V" is that the soil be 
leached with a substantial amount of creek or well water immediately 


after proper drainage is installed, 
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Figure 34 Electrical Conductivity and Sodium 
Adsorption Ratio values of the Leachates during =a 
the desalinization by the various Leachants. 
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